Nanoparticles (NP) physico-chemical features greatly influence NP/cell interactions. NP surface functionalization is often used to improve NP biocompatibility or to enhance cellular uptake. But in biological media, the formation of a protein corona adds a level of complexity. The aim of this study was to investigate in vitro the influence of NP surface functionalization on their cellular uptake and the biological response induced. 50nm fluorescent silica NP were functionalized either with amine or carboxylic groups, in presence or in absence of polyethylene glycol (PEG). NP were incubated with macrophages, cellular uptake and cellular response were assessed in terms of cytotoxicity, pro-inflammatory response and oxidative stress. The NP protein corona was also characterized by protein mass spectroscopy. Results showed that NP uptake was enhanced in absence of PEG, while NP adsorption at the cell membrane was fostered by an initial positively charged NP surface. NP toxicity was not correlated with NP uptake. NP surface functionalization also influenced the formation of the protein corona as the profile of protein binding differed among the NP types.
Graphical abstract 1. INTRODUCTION
Nanoparticles (NP) represent promising tools for biomedical applications as they can be used as therapeutic and/or diagnostic agents. Their surface can be modified to foster NP/cell interactions and thus enhance their subsequent cellular uptake to reach their intracellular targets [1] . Indeed, NP/cell interactions strongly depend on the NP physico-chemical features and 8 parameters seem to have a crucial importance as defined by ISO/TS 80004-2:2015: agglomeration/aggregation state, composition, size, shape, solubility/dispersibility, specific surface area, density of surface groups and surface chemistry [2, 3] . In particular surface charge is recognized to play a major role and it is commonly acknowledged that positively charged NP are more internalized by cells than neutral or negatively charged NP [1, [4] [5] [6] [7] [8] [9] [10] . A correlation between the amount of positive charges and cellular uptake has even been observed [8] . Consequently, NP surface functionalization by modifying surface charge is an efficient and easy way to drive cellular uptake [5] [6] [7] 11] . The modulation of the NP physicochemical features is important not only for the enhancement of cellular uptake but also for the induced biological response (and the potential cytotoxicity) [3, 8, 12, 13] . It is thus crucial to define accurate physico-chemical parameters to take into consideration to manufacture NP with a "safer by design" approach [14] . For example, Nabeshi et al., reported that the reduction of cell proliferation of macrophages was more important when cells were incubated with unmodified silica NP than with the same NP functionalized with amine or hydroxyl groups [15] . Therefore, one easy way to increase NP biocompatibility and enhance their cellular uptake is through surface functionalization. In this context, amorphous silica is a particularly interesting material because the chemistry of the silanes allows surface modification of silica NP with chemical functional groups like specific antibodies (targeting to cancer cells and drug delivery) or fluorescent labels (tumor labeling) [16, 17] .
But an additional level of complexity should be considered when NP are in contact with biological fluids. Indeed, in these conditions NP are surrounded by a wide variety of biomolecules, especially proteins, which rapidly adsorb at their surface and entirely cover it.
This so-called protein corona modifies the original NP physico-chemical features and constitutes the first contact of the nanomaterial with the cells and may influence the biological responses [18] [19] [20] [21] [22] [23] [24] [25] [26] . Various strategies may be used to decrease protein adsorption at the NP surface, one consists of the grafting of linear chains of hydrophilic polymers, such as polyethylene glycol (PEG) at NP surface. This process allows reducing protein adsorption by blocking protein-binding sites and creating a steric hindrance [27] . Moreover, the relative density of each type of adsorbed proteins is known to depend on PEG grafting density [28] .
The formation of the protein corona is a dynamic process that depends, among others, on nature of the environment and on the NP physico-chemical properties and especially surface charge [18, 20, 23, 29] . It has been shown that increasing the surface charge of NP resulted in a protein adsorption increase in general and of negatively charged serum proteins in particular [4, 18, 30] . Due to the discrepancy in the published results, the relationship between protein adsorption on NP and the decrease of the cellular internalization of NP remains to be established. Indeed, some studies show that protein adsorption on NP decreases their cellular uptake while other tend to demonstrate the opposite [18, 19, 25, [29] [30] [31] [32] . Furthermore, it is difficult to draw firm conclusions from results dealing with different NP types, different functionalization groups, different cellular models, different biological assays, etc. To bring new insights to this issue we propose the present study which aim was to investigate in vitro the influence of the functionalization of NP on their cellular uptake and the subsequent biological response. For that purpose, fluorescent silica-based NP were functionalized with chemical groups of different charges in presence or not of a steric hindrance generated by PEG chains. These NP were incubated with macrophages and the cellular uptake was assessed by fluorimetry. Cellular cytotoxicity, secretion of inflammatory factors and oxidative stress were also evaluated. A major asset of this work is that NP were synthesized in similar conditions and the biological activity was also assessed in the same experimental conditions, limiting variability and allowing reproducible and trustable results. In addition, a study on the influence of the NP surface functionalization on the formation of the protein corona was carried out.
EXPERIMENTAL

Nanoparticle synthesis
Silica-based NP were prepared according to a method developed by Martini et al. [33] . The water/oil (W/O) microemulsion procedure was used to produce homogeneous and reproducible core-shell samples. Indeed, reverse micelle (aqueous droplets sized ∼10 nm) acts as template for the controlled-growth of core-shell structures. Quaternary W/O microemulsions were prepared by mixing Triton X-100 (surfactant), n-hexanol (co-surfactant) and cyclohexane (oil), followed by sequential additions of specific polar-like precursors. An inclusion of gold clusters at the center of each particle was obtained by the reduction of gold salt in presence of ligands and NaBH4. Please note that although NP contained a gold core, we mainly considered them as made of silica as gold is tightly enclosed in the silica shell.
Moreover, assays of stability allowed concluding to the stability of the NP as no dissolution of the silica shell was observed over time. The formation of polysiloxane matrix arose from the base-catalyzed hydrolysis and condensation of two silica precursors: 92 %w TEOS (tetraethoxysilane) and 8%w dye conjugated-APTES ((3-aminopropyl)triethoxysilane).
APTES conjugates ensured a covalent bonding of dyes (FITC) and their random distribution within NP. The colloidal stabilization was then achieved by addition of silane precursors with amine or carboxylic acid groups grafted determining the surface charge (Table 1) . Thereafter, all solvents were eliminated by the addition of acetone followed by several cycles of vortexing and centrifuging. Unreacted dyes and precursors were removed by ultrafiltration using 300 kDa PES membranes. Particles were dispersed in aqueous solution (2g/L) and stored at 4˚C.
Nanoparticle physico-chemical characterization
Scanning electron microscopy (SEM) images of NP were performed using an ESEM XL30- LGC, Molsheim, France). Cells were cultured in DMEMc at 37°C under a 5% carbon dioxide humidified atmosphere.
Nanoparticle/cell contacts
For cellular uptake and cytotoxicity assays, cells were seeded in 96-well-plates (100 000 cells in 200µL of medium per well) and were allowed to adhere for 4 h. NP were diluted in cell culture medium to reach the following final concentrations: 75, 750, 4500 and 9000 NP/cell (corresponding to 5, 50, 300 and 600 µg NP/mL respectively). NP were added to cells and further incubated for 20h. Note that for the study of the NP distribution, it seems more relevant to express the NP dose as a number per cell, it seems more explicit, whereas for the cytotoxicity assessments the more relevant unit was µg/mL to ease comparison with literature studies.
Cellular uptake assessment
Uptake of FITC-labeled NP was quantified using a fluorometer (Ex: 485 nm, Em: 538 nm, Fluoroskan Ascent, Thermolabsystems, France). The total fluorescence of NP was first measured in each well, then the fluorescence of NP in supernatant (1), adsorbed to cell membrane (2) and internalized by cells (3) were discriminated by a "trypan blue (TB) quenching" as previously described [34] [35] [36] [37] [38] . TB is known for its ability to "turn off" the green fluorescence emitted by FITC allowing the discrimination of internalized NP from those adhering to plasma membrane [39] . Control wells without NP were used to assess the autofluorescence of cells in culture medium. 
Cytotoxicity assays
Characterization of the protein corona
To determine the influence of the NP surface functionalization on the corona, NP were incubated for 90 minutes with human serum (2.3g/1. 
RESULTS
Nanoparticle characterization
As illustrated in Figure 1A , the NP were spherical and had all the same size (50-55 nm) except NP(+) which were slightly larger (68 nm). The spherical shape could also be clearly observed by TEM as shown in Figure 1B where the dark gold core and the gray silica shell could easily be distinguished. Hydrodynamic diameters and zeta potentials were measured using dynamic light scattering (DLS) both in water and in DMEMc. Data are reported in Table 1 . In water and for each type of NP, the hydrodynamic diameter was correlated with the geometric diameter, whereas in culture medium it was significantly increased. Similarly, zeta potentials of the five kinds of NP were distinct in water and coherent with expected values depending on the surface functionalization, whereas in culture medium all zeta potentials were negative. The largest surface charges decrease was observed for the NP without PEG: NP(-) and NP(+). 
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Cellular uptake
Cellular uptake of the various NP types is illustrated in Figure 2 . Whatever the NP tested, cellular uptake and adsorption to cell membrane were found to be dose-dependent. The amount of NP uptaken was the most important in the case of NP free of PEG: NP(-) and NP(+) irrespectively of their charges. In addition, the amount of NP adsorbed at cell surface was the lowest for NP coated with carboxylic groups: NP(-) and NPpeg(-) in the presence or not of PEG. It clearly appeared that NP mainly remained in the supernatant whatever the surface functionalization. 
Cytotoxicity assessment
Cell membrane integrity
In order to determine the cytotoxicity of the NP, LDH released in the cellular supernatant was measured after 20h of incubation. As shown by Figure 3 , there was no significant difference between NP(-), NPpeg(-), NPpeg(0) and the control cells (incubated without NP) indicating that in these conditions, the particles were not cytotoxic. Whereas NPpeg(+) were found to be cytotoxic at the dose of 600 µg/mL and NP(+) induced a release of LDH from the dose of 300 µg/mL. 
TNFα pro-inflammatory production
In order to determine if NP induced a pro-inflammatory effect, we quantified the TNFα released in the cellular supernatant. As shown in Figure 4 
Oxidative stress
No significant oxidative stress was detected when cells were incubated with the different types of NP (data not shown).
Characterization of the protein corona
It is now well established that when proteins from biological fluids are in contact with NP, they rapidly adsorb at the NP surface. In order to verify this in our model, we investigated both the amount of proteins adsorbed at the surface of NP and their nature. As shown in Figure 5 , protein binding varied depending on the NP type. As reported by Table 2 , 105 proteins were characterized on NP(-) by protein mass spectroscopy, 87 and 52 on NP(+) and NPpeg(0) respectively. A qualitative analysis revealed that the nature of the proteins bound to NP(-) and NP(+) was different and only 31 proteins were found in common in both corona of NP(-) and NP(+). 
Accession number Protein name NP(+) NP(-) NP(0) P19652
Alpha-1-acid glycoprotein 2 X P01009
Alpha-1-antitrypsin X X X P08697
Alpha-2-antiplasmin X X P02765
Alpha-2-HS-glycoprotein X X P01023
Alpha-2-macroglobulin X
NP(-) NP peg(0) NP(+) Sérum
Control sSerum MW P03950 Angiogenin X X P01019
Angiotensinogen X X P01008
Antithrombin-III X X P02647
Apolipoprotein A-I X X X P02652
Apolipoprotein A-II X X X P06727
Apolipoprotein A-IV X X P04114
Apolipoprotein B-100 X X P02654
Apolipoprotein C-I X X X P02655
Apolipoprotein C-II X X P02656
Apolipoprotein C-III X X X P55056
Apolipoprotein C-IV X X P05090
Apolipoprotein D X X P02649
Apolipoprotein E X X X O14791
Apolipoprotein L1 X X O95445
Apolipoprotein M X P08519
Apolipoprotein(a) X X X P20160
Azurocidin X P02749
Beta-2-glycoprotein 1 X P04003
C4b-binding protein alpha chain X X X P20851
C4b-binding protein beta chain X X P12830
Cadherin-1 X Q96IY4
Carboxypeptidase B2 X X P15169
Carboxypeptidase N catalytic chain X X P49747
Cartilage oligomeric matrix protein X O43866
CD5 antigen-like X X P00450 Ceruloplasmin X P11597
Cholesteryl ester transfer protein X P10909
Clusterin X X X P00740
Coagulation factor IX X X P12259
Coagulation factor V X X P08709
Coagulation factor VII X P00742
Coagulation factor X X X X P03951
Coagulation factor XI X X P00748
Coagulation factor XII X P00748
Coagulation factor XII X P39060
Collagen alpha- Haptoglobin-related protein X X P69905
Hemoglobin subunit alpha X X P68871
Hemoglobin subunit beta X Q04756
Hepatocyte growth factor activator X P26927
Hepatocyte growth factor-like protein X P04196
Histidine-rich glycoprotein X X X Q14520
Hyaluronan-binding protein 2 X P01876
Ig alpha-1 chain C region X X X P01877
Ig alpha-2 chain C region X X P01857
Ig gamma-1 chain C region X X X P01859
Ig gamma-2 chain C region X X X P01860
Ig gamma-3 chain C region X P01861
Ig gamma-4 chain C region X P01742
Ig heavy chain V-I region EU PE=1 SV=1 X X P01834
Ig kappa chain C region X X X P06316
Ig lambda chain V-I region BL2 PE=2 SV=1 X X X P0CG04 Ig lambda-1 chain C regions X X P01871
Ig mu chain C region X X X P01591
Immunoglobulin J chain X X X B9A064 Immunoglobulin lambda-like polypeptide 5 X X X P01344
Insulin-like growth factor II X X P17936
Insulin-like growth factor-binding protein 3 X X P24593
Insulin-like growth factor-binding protein 5 X X P35858
Insulin-like growth factor-binding protein X X P19827
Inter-alpha-trypsin inhibitor heavy chain H1 X P19823
Inter-alpha-trypsin inhibitor heavy chain H2 X P29622 Kallistatin X P01042
Kininogen-1 X X X P02788 Lactotransferrin X X O14960
Leukocyte cell-derived chemotaxin-2 X P18428
Lipopolysaccharide-binding protein X X P61626
Lysozyme C X P59665
Neutrophil defensin 1 X P59666
Neutrophil defensin 3 X P80108
PI-glycan-specific phospholipase D X P03952
Plasma kallikrein X X P05155
Plasma protease C1 inhibitor X P05154
Plasma serine protease inhibitor X X P00747
Plasminogen X X P02776
Platelet factor 4 X X X P10720
Platelet factor 4 variant X P20742
Pregnancy zone protein X Q15113
Procollagen C-endopeptidase enhancer 1 X P07737
Profilin-1 X P27918 Properdin X P02760
Protein AMBP X X X Q9UK55 Protein Z-dependent protease inhibitor X X Q92954
Proteoglycan 4 X X P00734
Prothrombin X X P62834
Ras-related protein Rap-1A X P61224
Ras-related protein Rap-1b X Q99969
Retinoic acid receptor responder protein 2 X P34096
Ribonuclease 4 X Q13103
Secreted phosphoprotein 24 X P49908
Selenoprotein P X X X P02787 Serotransferrin X P02768
Serum albumin X X X P0DJI8
Serum amyloid A-1 protein X P0DJI9
Serum amyloid A-2 protein X P35542
Serum amyloid A-4 protein X P02743
Serum amyloid P-component X P27169
Serum paraoxonase/arylesterase 1 X X O00391
Sulfhydryl oxidase 1 X Q9Y490 Talin-1 X P05452
Tetranectin X X P07996
Thrombospondin-1 X X P10646
Tissue factor pathway inhibitor X Q8WZ42 Titin X P02766
Transthyretin X X Q8WUA8 Tsukushin X P04070
Vitamin K-dependent protein C X X P07225
Vitamin K-dependent protein S X X P22891
Vitamin K-dependent protein Z X X P04004
Vitronectin X X X Total proteins number 105 87 52 Complement proteins number 21 8 3 Theoretical pI (mean value of total proteins) 6.9 6.7 6.3 Minimum theoretical pI among the total proteins 3.9 4.5 3.9 Maximum theoretical pI among the total proteins 11.7 9.7 9.2
DISCUSSION
This study aimed at understanding the relationship between surface chemical functionalizations of 50 nm silica-based NP, their ability to be uptaken by macrophages and their toxicity. First, NP were thoroughly characterized (Table 1 ) and it was observed that, compared to results obtained when NP were incubated in water, the hydrodynamic diameter of each type of NP increased in culture medium and zeta potentials became negative, all the more so important if NP were non-pegylated (NP(-) and NP(+)). This is consistent with literature data reporting that initially positively charged NP can turn negative when incubated with serum [30, 42] . This tendency was observed with different types of NP such as polystyrene [25] , gold [43] , silica [23] or magnetic NP [32] . This alteration is very likely due to the formation of a protein corona [19, 21, 23, 44] , indeed, adsorbed proteins can hide chemical groups initially grafted onto the NP surface, NP surface charge is thus modified and rather related to the nature of the adsorbed proteins. In our model, the analysis of the protein corona of NP ( Figure 5 ) allowed to detect the lowest number of proteins on the NPpeg (0) which is likely due to the steric hindrance caused by the long PEG chains.
Then, to investigate the influence of NP surface functionalization on NP/cell interactions, NP were incubated with macrophages and their phagocytosis was quantified ( Figure 2 ).
Interestingly, non-pegylated (NP(-) and NP(+)) were the most uptaken by cells, whereas, independently of PEG coating, NPpeg(+) and NP(+) were the most adsorbed at the macrophage cell surface. This suggests that while NP uptake might be related to the absence of PEG grafting, NP adsorption at the cell membrane might rather be correlated to the initially positively charged NP surface. It involves a close relationship between NP surface functionalization, the protein corona and interaction with cells. The presence of a protein corona seems to foster cellular uptake. It has already been reported that pegylation, by preventing protein adsorption at the NP surface, results in limited NP internalization [8, 24] .
These data are also in agreement with results from Qiu et al. who demonstrated that gold nanorods exhibiting the highest adsorption capability for proteins also showed the highest internalization [30] . Similarly, magnetic NP were more rapidly and more abundantly internalized by cells after formation of the protein corona [32] . As previously suggested, specific parts of the proteins covering NP could be recognized by membrane receptors thus facilitating their internalization [1, 30, 45] .
But others reported that a protein corona may inhibit NP uptake [18, 19, 29, 31] . For instance, Lesniak et al. have shown that lung epithelial cells internalized more rapidly and in larger quantities 50 nm silica NP incubated in culture medium without serum than after addition of 10% serum [46] . One hypothesis to explain these discrepancies may lie in different pathways of cell internalization. Therefore, depending on the presence or absence of a protein corona the uptake mechanism might be different. Indeed, cellular internalization can occur through specific or non-specific pathways, in the first case, it involves receptors located at the plasma membrane which are activated by specific ligands [1] . For instance, Saptarshi et al. observed that NH 2 -polystyrene NP uptake by macrophages in a protein free medium was changed from clathrin-mediated endocytosis to phagocytosis when incubated in serum enriched media [29] .
Many authors have reported that high adsorption of positively charged NP may be related to electrostatic interactions with the negatively charged cell surface [47] . But it should be kept in mind that zeta potentials of all types of NP turned negative in culture medium, therefore a different explanation may be envisaged in relation with the protein corona formation: the positively charged NP might be covered with specific proteins which fostered NP adsorption at the cell membrane through interaction with receptors as it was previously mentioned [1, 30, 45] .
By altering NP /cell interactions, the formation of a protein corona can have a deep impact on the cellular response. The investigation of the cytotoxicity induced by the different types of NP revealed that only initially positively charged NP triggered a significant loss of cell membrane integrity (Figure 3 ) but solely at the highest doses (from 300 or 600µg/mL for NP(+) and NPpeg(+) respectively). It is important to note that these concentrations are very high and are not representative of what the cells might be exposed to in the organism, but these concentrations were necessary to characterize NP distribution, lower doses did not lead to discriminating results. Although the five types of NP were able to enhance TNFα production at high doses, NP(-) and NPpeg(-) induced the highest levels ( Figure 4 ). No significant oxidative stress was detected which is consistent with similar studies carried out by Panas et al. where the same RAW264.7 macrophages were incubated with engineered silica NP of 25 nm diameter [48] .
It is quite challenging to precisely characterize the composition of a protein corona because of its complex and dynamic nature [49] . However simple SDS-PAGE gel electrophoresis of desorbed proteins from NP previously incubated in a culture medium supplemented with serum can give some interesting insights. Our study on the protein corona allowed concluding that: 1) the profile of protein binding was different depending on NP surface functionalization ( Figure 5 ) with many proteins of different nature adsorbed on NP(-), NP(+) and to a less degree on NPpeg(0) because of the steric hindrance provided by PEG; and 2) the corona composition did not reflect the relative abundance of the proteins in the surrounding medium.
This absence of correlation has already been reported [18, 50] and it has been suggested to depend on the NP physico-chemical features [29] . For example, albumin and apolipoprotein AI et II, C and E were found, in variable quantities, on the three types of NP, similar results were obtained by Izak-Nau et al. who analyzed the protein corona of 50 nm silica NP functionalized either with amine, thiol or polyvinylpyrrolidone groups after incubation in DMEM medium supplemented with 10% bovine or human serum [20] whereas many proteins were found on only one type of NP. The quantitative aspect should also be distinguished from the qualitative one, as in terms of biological response, the more abundantly associated proteins do not necessarily have the most profound effect and as a corollary, a less abundant protein with high affinity may instead play a major role [18, 44] . Interestingly, among the 23 complement components characterized in the protein corona of the tested NP (proteins in gray in Table 2 ), 21 were found on NP(+) and only 8 and 3 on NP(-) and NPpeg(0) respectively, corresponding to 20 %, 9 % and 6% of the proteins identified on these NP. The mean value of theoretical pI of proteins characterized on NP(+) was 6.9 (max 11.7 and min 3.9) whereas for NP(-) it was 6.7 (max 9.7, min 4.5), this calculation did not take into account the respective quantity of the proteins (see Table 2 ). It suggests that protein binding to NP was not linked to their theoretical charges. In addition, Izak-Nau et al. demonstrated also that the protein corona evolved with time and that proteins preferentially adsorbed on NP surface at a specific time point can be associated with another type of NP at another time of analysis [20] .
Moreover, the protein corona formation depends on many parameters. For example, NP coating with proteins is specific of the biological environment and thus of the in vitro culture conditions. Beyond the composition of the culture medium it involves parameters such as pH, ionic strength, salt concentrations, etc. Finally, the type of NP functionalization should also be taken into account. As an example, Graf et al. reported that one type of positively charged particle (AHAPS) was easily internalized by macrophages, while another type of positively charged particle (short alkyl chain aminosilanes) was uptaken by cells in a lower amount, this could be due to a difference of functionalization in group types and density. Similarly, it was observed that the uptake efficiency of PEGylated NP was closely related to PEG grafting density and molecular architecture of PEG [8, 24, 51] .
CONCLUSIONS
In conclusion, the present study demonstrated that surface chemical functionalization plays a key role in the interactions between silica-based NP and cells. Interestingly, NP uptake by phagocytic cells seems to be related to the absence of PEG, while the NP adsorption at the cell membrane seems to be influenced by an initial positively charged NP surface. Moreover, the biological in vitro toxicity was not correlated with NP uptake. This study also underscores the major role of the protein corona and clearly argues for its systematic consideration in nanotoxicology studies as it defines the biological identity of the NP and directly influences interactions with cells and the subsequent biological outcome. Therefore a better knowledge of the relationship between the initial NP physico-chemical properties, the protein corona and cellular uptake efficiency could guide the design of NP either in a therapeutic perspective (development of new nanodevices with enhanced cellular uptake) or in the context of safety issues (safer by design synthesis of NP).
